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Aberrant promoter methylation of tumor suppressor genes has not been fully investigated in pediatric tumors. Therefore, we examined the methylation status of nine genes (p16
INK4A
, MGMT, GSTP1, RASSF1A, APC, DAPK, RARb, CDH1 and CDH13) in 175 primary pediatric tumors and 23 tumor cell lines using methylation-speci®c PCR. We studied the major forms of pediatric tumors ± Wilms' tumor, neuroblastoma, hepatoblastoma, medulloblastoma, rhabdomyosarcoma, osteosarcoma, Ewing's sarcoma, retinoblastoma and acute leukemia. The most frequently methylated gene in both primary tumors and cell lines was RASSF1A (40, 86%, respectively). However, the rates of RASSF1A methylation in individual tumor types varied from 0 to 88%. RASSF1A methylation was tumor speci®c and was absent in adjacent non-malignant tissues. Methylation of the other genes was relatively rare in tumors and nonmalignant tissues (less than 5%). Neuroblastoma patients with methylation of RASSF1A were signi®-cantly older than patients without methylation (P=0.008). There was no relationship between methylation status and other clinico-pathologic parameters. We treated six cell lines lacking RASSF1A mRNA with 5-aza-2'deoxycytidine to examine the relationship between methylation and transcriptional silencing. In ®ve of six cell lines, restoration of RASSF1A mRNA was con®rmed by RT ± PCR. Our ®ndings indicate that aberrant promoter methylation of RASSF1A may contribute to the pathogenesis of many dierent forms of pediatric tumors. Oncogene (2002 Oncogene ( ) 21, 4345 ± 4349. doi:10.1038 Keywords: epigenetic; tumor suppressor gene; pediatric tumor Pediatric solid tumors develop after relatively short latent periods and, in contrast to the common adult epithelial tumors (Loeb, 2001) , contain relatively few mutations (Davido and Hill, 2001) . Aberrant methylation of normally unmethylated CpG islands located in the promoter regions is associated with transcriptional inactivation of de®ned tumor suppressor genes (TSGs) in human cancers . Thus, aberrant promoter methylation may contribute to the pathogenesis and progression of malignant tumors. The methylation status of adult tumors has been studied extensively and each tumor type appears to have a distinct methylation pro®le (Esteller et al., 2001) . By contrast, there is less information about methylation in childhood malignancies. While reports exist of the methylation of individual genes in Wilms' tumor (Mares et al., 2001) , neuroblastoma Takita et al., 2000; Teitz et al., 2000) , rhabdomyosarcoma (Chen et al., 1998) , medulloblastoma (Fruhwald et al., 2001a,b) , retinoblastoma (Ohtani-Fujita et al., 1997) and acute lymphoblastic leukemia (Nakamura et al., 1999; Wong et al., 2000) , a methylation pro®le of the spectrum of pediatric tumors using a panel of genes has not been published.
We studied the methylation pro®les of 175 childhood tumors, including most of the major solid types. Tumors were predominantly obtained from Children's Hospital Medical Center, (Dallas, TX, USA) after obtaining Institutional Review Board approval and informed consent. Some of the hepatoblastomas were obtained from the Pediatric Oncology Group Hepatoblastoma Tumor Bank. The retinoblastomas were from the University of Siena (Siena, Italy). Twenty-three pediatric tumor cell lines were obtained from the American Type Culture Collection (ATCC; Manassas, VA). We examined the status of nine genes frequently showing promoter region methylation in adult tumors. The genes included RASSF1A (Ras association domain family 1, isoform A), a newly described 3p21.3 TSG, p16 INK4A , MGMT (O 6 -methylguanine DNA methyltransferase), GSTP1 (glutathione S-transferase P1), APC (adenomatous polyposis coli), DAPK (deathassociated protein kinase), RARb (retinoic acid receptor-b), CDH1 (E-cadherin) and CDH13 (Hcadherin) and they have been investigated extensively in lung, breast, colon and prostate and other adult cancers (Burbee et al., 2001; Esteller et al., 1998 Esteller et al., , 1999a Gra et al., 1997; Herman et al., 1996; Maruyama et al., 2001 Maruyama et al., , 2002 Sato et al., 1998; Toyooka et al., 2001a; Tsuchiya et al., 2000; Virmani et al., 2000) .
Aberrant promoter methylation was examined using methylation-speci®c PCR (MSP) (Herman et al., 1996) . RASSF1A was methylated in 70 of 175 (40%) primary tumors and in 20 of 23 (86%) of the cell lines ( Figure  1 , Table 1, Table 2 ). However, methylation frequencies of other genes were relatively low in tumors. In general, methylation frequencies of these genes were also low in the cell lines, although CDH1 was methylated in 43% of cell lines (compared to 4% of tumors). The frequencies of methylation of RASSF1A varied with the tumor type, being highest in medulloblastoma (88%), rhabdomyosarcoma (61%), retinoblastoma (59%), neuroblastoma (52%) and Wilms' tumor (42%) samples. RASSF1A methylation rates were much lower in hepatoblastoma (19%) and acute leukemia (15%), and absent in osteosarcoma and Ewing's sarcoma. Rhabdomyosarcoma and acute leukemia are classi®ed into three and two major subtypes, respectively. In rhabdomyosarcoma samples, the RASSF1A methylation rates of alveolar, embryonal and anaplastic type were four of six, ®ve of seven and none of two, respectively. In leukemias, 17% of acute lymphoblastic leukemias were methylated, but methylation was absent in acute myelogenous leukemias. In contrast to the highly malignant neuroblastomas, RASSF1A methylation was absent in ganglioneuromas (n=6), which are benign tumors consisting of ganglion and Schwann cells but lacking progenitor neuroblast cells. Methylation was absent in corresponding nonmalignant tissues except for p16
INK4A methylation in one histologically normal kidney.
We also examined the relationship between methylation of RASSF1A and clinico-pathologic parameters including sex, age, stage, existence of metastasis and outcome. Statistical analyses for dierences between groups were performed using w 2 , Fisher's exact test and Mann ± Whitney U-test. The Kaplan ± Meier log-rank test was performed for analysis of overall survival. Neuroblastoma patients with methylation of RASSF1A were signi®cantly older than patients whose tumors lacked methylation (2.25+1.65 years old, vs 0.94+1.10 years old, respectively; uncorrected P value=0.008, Mann ± Whitney U-test). Wilms' tumor, rhabdomyosarcoma, medulloblastoma and retinoblastoma patients with methylation of RASSF1A also tended to be older compared to patients without methylation, but the dierences were not signi®cant. Larger studies will be required to conclusively demonstrate that methylation of RASSF1A in pediatric tumors is related to patient age. There was no relationship between methylation status and other clinico-pathologic parameters including survival.
RASSF1A, located on chromosome 3p21.3, has been demonstrated to function as a TSG in lung cancer (Burbee et al., 2001; Dammann et al., 2000) and is inactivated in many other tumors including breast, renal, bladder and ovarian carcinomas and malignant mesothelioma (Burbee et al., 2001; Dreijerink et al., (Table 2) were examined by MSP to determine methylation status of nine genes. Rhabdomyosarcoma samples included alveolar (n=6), embryonal (n=7) and anaplastic type (n=2). Eighteen acute lymphoblastic (ALL) and two acute myelogenous leukemia (AML) samples were included in acute leukemia. Non-malignant tissues included corresponding normal kidney (n=11) and liver (n=1) tissues, and normal adult lymphocytes (n=2). Genomic DNA was isolated from frozen tissues and cell lines by sodium dodecyl sul®te (SDS) and proteinase K digestion, phenol/chloroform extraction and ethanol precipitation. DNA was treated with sodium bisul®te as described previously (Herman et al., 1996) . Brie¯y, 1 mg of DNA was denatured by 0.2 M NaOH for 10 min at 378C. Thirty ml of 10 mM hydroquinone (Sigma Chemical Co., St. Louis, MO, USA) and 520 ml of 3M sodium bisul®te (Sigma Chemical Co.) at pH 5.0 were added and mixed, and then the solution was incubated at 508C for 16 h. Treated DNA was puri®ed using the Wizard DNA clean-up system (Promega Co., Madison, WI, USA). The DNA was precipitated by ethanol and used immediately or stored at 7708C until used. Two ml of bisul®te-modi®ed DNA was ampli®ed by PCR using primers that were speci®c for methylated or unmethylated sequences of each genes as described previously (Burbee et al., 2001; Esteller et al., 1998 Esteller et al., , 1999a Gra et al., 1997; Herman et al., 1996; Sato et al., 1998; Toyooka et al., 2001a; Tsuchiya et al., 2000; Virmani et al., 2000) . The unmethylated form of p16
INK4A was examined as a control for DNA integrity and was present in all samples. PCR ampli®ed products were electrophoresed on 2% agarose gel and visualized under ultraviolet illumination. Letters above indicate WT, Wilms' tumor; NB, neuroblastoma; HB, hepatoblastoma; RMS, rhabdomyosarcoma; MB, medulloblastoma; OS, osteosarcoma; EWS, Ewing's sarcoma; RB, retinoblastoma; AL, acute leukemia; NT, non-malignant tissues; M, marker; P, positive control; N, negative control (water blank) 2001; Morrissey et al., 2001; Toyooka et al., 2001b; Yoon et al., 2001) . The gene encodes two major transcripts which are produced by alternative promoter selection and alternative mRNA splicing: RASSF1A (340 amino acids, encoding a 39-kd peptide) containing a predicted N-terminal diacylglycerol-binding (DAG) domain and a C-terminal predicted RAS associated domain; and RASSF1C (270 amino acids, encoding a 32-kd peptide) with a dierent N-terminus lacking the DAG domain but exhibiting a similar Cterminus containing the RAS association domain (Burbee et al., 2001; Dammann et al., 2000) . Three transcripts are derived from two known promoters, and promoter 1A controls expression of transcripts 1A and 1F, while promoter 1C controls expression of transcript 1C.
Because of the high frequency of RASSF1A gene methylation in childhood tumors, we studied its expression in methylation positive and negative pediatric tumor cell lines. We selected six cell lines (two neuroblastoma, two retinoblastoma, one rhabdomyosarcoma and one medulloblastoma), and these cell lines had a methylated RASSF1A allele but lacked an unmethylated allele ( Figure 2a) . As in other cancers, all pediatric tumor cell lines tested expressed transcript 1C, while there was a selective loss of transcripts 1A and 1F associated with methylation of promoter 1A. In order to further investigate the relationship between ATCC No., the AmericanType Culture Collection number; +, methylation was detected; 7, methylation was not detected
Oncogene Methylation in pediatric tumors K Harada et al methylation of RASSF1A and transcriptional silencing, we examined expression of RASSF1A mRNA by RT ± PCR before and after treatment with 5-aza-2' deoxycytidine (5-aza-CdR), a demethylating agent, in the six cell lines. No expression of transcript 1A was detected in all cell lines before 5-aza-CdR treatment (Figure 2b ). After 5-aza-CdR treatment, restoration of transcripts 1A and 1F occurred in ®ve of the six cell lines, but not in medulloblastoma cell line D283. The latter cell line appeared to be particularly sensitive to the toxic eects of 5-aza-CdR, and marked cytotoxic eects were noted at the time of harvesting. As in lung and breast cancers (Burbee et al., 2001; , RASSF1C expression was noted without any obvious change in intensity before or after 5-aza-CdR treatment. These results con®rm that the transcriptional silencing of RASSF1A was caused by methylation. The absence of an unmethylated band in pediatric tumor cell lines having a methylated allele and accompanied by gene silencing suggests one of two possibilities: (a) one allele is methylated and the other allele lost by allelic loss; or (b) biallelic methylation has occurred. As we did not perform allelic loss studies in pediatric tumors, we cannot distinguish between these possibilities. Our report is the ®rst methylation pro®le of all of the major forms of pediatric tumors with the exception of lymphomas. Our ®nding demonstrated that RASS-F1A was methylated in 40% of all of the tumors tested, especially medulloblastoma, rhabdomyosarcoma, retinoblastoma, neuroblastoma and Wilms' tumors. High methylation rates were restricted to certain tumors, and the rates were low in hepatoblastoma, acute leukemia, osteosarcoma and Ewing's sarcoma. Methylation was absent in corresponding non-malignant tissues, con®rming that methylation was tumor speci®c. Of interest, a recent publication found RASSF1A methylation in 55% of neuroblastomas ), compared to our rate of 52%. To our knowledge, RASSF1A methylation is the ®rst molecular abnormality to be described that is common to a large and diverse group of pediatric tumors. Our ®ndings indicate that aberrant promoter methylation of RASSF1A may contribute to tumorigenesis of several types of common pediatric tumors as well as many adult tumors.
Abbreviations TSG, tumor suppressor gene; RASSF1A, Ras association domain family 1, isoform A; MGMT, O 6 -methylguanine DNA methyltransferase; GSTP1, glutathionne S-transferase P1; APC, adenomatous polyposis coli; DAPK, deathassociated protein kinase; RARb, retinoic acid receptor-b; CDH1, E-cadherin; CDH13, H-cadherin; MSP, methylation-speci®c PCR; RT ± PCR, reverse transcription-PCR; 5-aza-CdR, 5-aza-2'deoxycytidine. or unmethylated (u) alleles. They were used as positive controls for the methylated and unmethylated forms respectively. The water blank lacked DNA and was used as a negative control (N) for both methylated and unmethylated forms. (b) Expression of mRNA of RASSF1A and RASSF1C before and after 5-aza-CdR treatment in pediatric tumor cell lines. Six cell lines mentioned above were grown in RPMI1640 (Life Technologies, Inc., Rockville, MD, USA) supplemented with 10% fetal bovine serum and incubated in 5% CO 2 at 378C. The cell lines were also treated with 5-aza-CdR at a concentration of 0.5 ± 2 mg/ml for 5 days. Total RNA was extracted from cell lines using TRI Reagent (Molecular Research Center Inc., Cincinnati, OH, USA) following the manufacturer's instructions. Two mg of total RNA was reverse-transcripted by use of SUPERSCRIPT TM II First-Strand Synthesis (Gibco ± BRL), and then 2 ml of cDNA was used for ampli®cation of mRNA of RASSF1A and RASSF1C. Primer sequences were as described previously (Burbee et al., 2001) . The PCR was performed using a 70 ± 608C touchdown method. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH), housekeeping gene, was used as a control for RNA integrity. Primer sequences were as described previously (Mollerup et al., 1999) . PCR products were electrophoresed on 2% agarose gel and visualized under ultraviolet illumination. Letters above indicate M, marker; m, methylated allele; u, unmethylated allele; B, before treatment; A, after treatment; P, positive control; N, negative control (water blank)
